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Outline

* A Typical Meteoroid Ejecta Model Algorithm
* Current Meteoroid Ejecta Environment — NASA SP-8013

* Updated Model — Meteoroid Ejecta of Lunar Secondaries Engineering
Model (MELSEM) — under NESC review
* Primary Environments
* Asset Geometry and Location
* Scaling Laws
e Secondary Environment at Asset

* Risk Assessment — Probability of No Penetration
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Typical Meteoroid Ejecta Model Algorithm

1.

What are the primary impactors?

a) Cumulative flux as a function of impactor mass
b) Impactor density
c) Possibly angular and location-dependent information

How to convert primary mass flux into ejected mass flux?
a) Scaling laws — extrapolations from laboratory experiments and/or theory

How is the ejected mass flux distributed — starting from primary impact
location?

a) Solid angle
b) Particle size and density
c) Speed

For a given observer, what is the total ejected mass flux, accounting for
impacts over the entire surface of the Moon?

a) Solid angle
b) Particle size and density
c) Speed
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NASA SP-8013 —
Lunar Ejecta
Environment

* The Cross-Program Design
Specification for Natural
Environments (DSNE) rev. H,
Section 3.4.8.2 points to
NASA SP-8013, Section 3.2
for the Meteoroid Ejecta
Environment

* Power-law expressions are
given for various ejecta speed
ranges of the cumulative flux
as a function of ejecta
particle mass
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NASA SP-8013 — Lunar Ejecta Environment

e NASA SP-8013 is consistent with

Grun Et al, 1985 " Comparison of Primary Flux-Mass
. — NA?A SP-8013
e Grun et al. 1985 is used to scale Grin et al. 1985

—— DS-21 Rev A, see Zook 1967
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the Meteoroid Engineering Model
(MEM) for primary sizes of 1 ug to
10 g

* Scaling laws implied in NASA SP-
8013 are from Zook 1967
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Sporadic meteoroid flux (low and high
density populations Apex & toroidal

Helion/antihelion
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Figure 2.4: Average interplanetary meteoroid speed as calculated by MEM 3 for a
spacecraft that is orbiting the Sun at 1 au but is not near the Earth. Color
indicates the average speed of all meteoroids originating from a particular
density (kg m 3) direction. The directionality is plotted in a body-fixed frame, in which the center
(0° in azimuth and 0° in altitude) corresponds to the spacecraft’s direction of

Moorhead 2019 motion.

1000 2000 3000 4000 5000 6000 7000 8000

November 1-5, 2021 DeStefano, ASEC2021
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Sporadic meteoroid flux (angle/speed) and latitudinal
dependence on the lunar surface

total cross-sectional flux 2.395823e+88 /m"2/yrftotal cross-sectional flux 2.177314e+88 /m” total cross-sectional flux 2.153588e+08 /m”
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Sporadic meteoroid flux (alt/az) and latitudinal
ependence on the lunar surface

MEM number flux [#/m2/yr] MEM number flux [#/m?/yr] MEM number flux [#/m?/yr]
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Near Earth Object (NEO) flux (Brown et al.
2002) at the lunar surface

m Moorhead (see memo

ge(m) = 2.89 x 10 M2 VI - m OSMA/M EO/Lunar—OOl) Computed the
NEO flux at the lunar surface based on
Brown et al. 2002 and velocity
distribution of bolides reported by the
Center for Near Earth Object Studies
(CNEQS)

1

m [In MELSEM, we approximate the angular
distribution of fluxes at the lunar surface
by the low-density population of MEM
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Asset Geometry and Location

* The asset, or observer, is the physical object at which the meteoroid
ejecta is collected from all impacts over the entire surface of the
Moon to generate the meteoroid ejecta environment

* Typical simplifying shapes of the object include:
e Sphere
e Cylinder
* Rectangular Prism

* The asset can be made of any number of these shapes, but for simplicity, a
cylinder is often chosen for a lunar lander

* The location of the asset can be on the lunar surface or any distance above
the lunar surface

* In general, a full trajectory could be used, but a single-point location is used for simplicity
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Impact-ejecta scaling model
(Housen & Holsapple 2011)

M 3kp (x)3 3 e x acts parametrically for the
o — = —— —_ — nl .
m 4né|\a ejecta mass M greater
than v function, and the
) ejecta speed v function
V1Ty p . .
e 2 =(, F (B) ] H (1 _ L) * R is the crater radius,
u a\o 2R dependent on the impact and

target parameters
* Wherenya < x < n,R * a is the impactor radius
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*Assuming isotropic ejecta with a speed A b ¢ d
6.5984993688281237285e-85 4.799954260154283281e-01 4.9782318691825878523e+00 1.582324578148092135e+00

H H H el 04 - 6.725788561606771418e-85 5.133359708764714258e-01 7.542870647049745969e+00 1.62526387764977025942+00

d |St rl b ut|0 n f (v) i v ) a - 2 . 2 6.853712186917220458=-85 4.914658855311414428:2-21 1.16457856844793639872+01 1.6182434937918295242+08
6.878486655613365822e-85 5.422614424214287877e-81 1.994304238437383748e+08]1 1.6716894569136666830+08

6.21244B8580731742486e-85 5.513182587161467848e-01 2.96163584120306940842+01 1.679567153701486967+00

5.68416556473290687268e-85 5.198388920938193359e-01 4.8320830508790962208e+81 1.657231149863489295e+88

5.81842780822519471982-85 5.352818437152915846e-81 4.5555140817833936435e+81 1.6175761251828177662+08

, . A
Differential ejecta flux n 000 Tom a5

Ah012.5m-r4.5m\

VS . d |Sta ﬂ Ce s & M025m-rd.5m\

AhO050m-r4.5m\

* Various cylindrical lander heights \h100m-r4,5m\
Ah200m-r4.5m\

were 5|mula’Fed using Mor)te = e
Carlo for various impact distances :

* For simplicity, these simulations used
2D due to the symmetry — off radial
hits assumed to have same width as
radial width (conservative)

* Orbits solved using RKF45
integration of equations of
motion (variable time stepping):
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e MC sims show:

* b~ 0.52andd ~ 1.64, very close to
the analytic estimates!

102 103
Impact Distance (m)

d
The c parameter is related to the distance scale (x = ca-b =~ ¢1463)
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Integral ejecta flux vs. Impact distance

T

Rm
* Iejectaflux(dl) = fd, dx F(x), the

integral ejecta flux as a function of
impact distance d;

e F(x) = the differential

d
xb+(§)
c

ejecta flux as a function of distance x

0.100

* From analytic results, we expect:

e b= “T‘l = 0.6 (0.52 from MC), and
a+1

e d= — = 1.6 (1.64 from MC)

* Due to the speed distribution
fw) ~v™%a=22

0.001

Integral ejecta flux (fraction
of ejecta flux > d_1I)

Impact Distance (from lander edge) (m)
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Effects of minimum
ejecta speed on
differential ejecta flux

* Imposing a minimum ejecta
speed eliminates the bulk of the
ejecta at close distances

* Low-energy ejecta (speed and mass)
may be irrelevant to the impact risk

* Further distances are not affected
by a minimum speed cut-off

* Not enough speed to reach far
distances in the first place
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Diffe.rential flux (solid-marked) * Integral flux is flux of ejecta from distances d and further, for
and integral flux (dashed) vs. all speeds greater than vmin

min speed cut-off  E.g., 86.5% of the ejecta hitting the lander is < 100 m/s

Lander height and radius = h050.m-r4.5m

Fraction of total ejecta

—e— \vmin-0000mps-h050.m-r4.5m\
Avmin-0000mps-h050.m-r4.5m\ integral flux
-9 | —®— Avmin-0001mps-h050.m-r4.5m\
=== .\Wmin-0001mps-h050.m-r4.5m\ integral flux
Avmin-0003mps-h050.m-r4.5m\
== Avmin-0003mps-h050.m-r4.5m\ integral flux
Avmin-0010mps-h050.m-r4.5m\

Fraction of total ejecta

A\Wvmin-0010mps-h050.m-r4.5m\ integral flux
Avmin-0031mps-h050.m-r4.5m\
Avmin-0031mps-h050.m-r4.5m\ integral flux
—8— \vmin-0100mps-h050.m-r4.5m\
1 Avmin-0100mps-h050.m-r4.5m\ integral flux
—8— \vmin-0316mps-h050.m-r4.5m\ | L T T —T— T T T T T T LI s |
== Avmin-0316mps-h050.m-r4.5m\ integral flux : - 101 102
Avmin-1000mps-h050.m-r4.5m\ [

== Avmin-1000mps-h050.m-r4.5m\ integral flux ié: Mlnlmum eJeCta Speed (m/S)

107! 10° 10*

. +Assyming isotropic ejecta with a speed
distribution f(v) ~ v~ %, a = 2.2




* Example of a ballistic limit
equation (BLE):
* For a given particle speed,

failure/PNP is defined as the
particle diameter above the curve

 Different shielding designs will
achieve different BLEs

* Lunar escape speed is 2.38 km/s

* Typical M/OD shielding designs
might not be as effective for
slower meteoroid ejecta

* If an impact occurs very close to
the asset #Iunar lander), a small
fraction of the ejecta will have
speeds greater than lunar escape
speed

November 1-5, 2021

ons

INTERNATIONAL
JOURNAL OF

IMPACT
ENGINEERING

www.elsevier.com/locate/ijimpeng

PERGAMON International Journal of Impact Engineering 26 (2001) 93-104

BALLISTIC LIMIT EQUATIONS FOR SPACECRAFT SHIELDING

ERIC L. CHRISTIANSEN* and JUSTIN H. KERR*
*NASA Johnson Space Center, Mail Code SN3, Houston, TX 77058

“fallure” occurs above curves

Whipple derit @ 0 deg
|= « = = monolithic dcrit @ 0 deg'
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Fig. 4. Illustration of Ballistic Limits for Monolithic and Whipple Shield (equal mass).
Failure criterion is shield threshold perforation or detached spall from rear wall. Monolithic is 0.44cm thick Al
6061T6. Whipple is 0.12cm thick Al 6061T6 bumper followed at 10cm by 0.32cm Al 6061T6 rear wall.
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